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The use of oryzacystatms I and II. two cysteme proteinase inhibitors naturally produced in rice grams, represents an attractive way for the control 
of Coleoptera insect pests. The present study was done to analyze the inhibitory effect of recombinant oryzacystatins produced m Escherichra colt 
as fusion proteins against digestive proteinases of the major pest Colorado potato beetle (Leptrnotarsu decmdmeuta Say). Both inhibitors had a 
sigmficant effect on total proteolytic activity. but maximal inhibitions ranged from 20 to 80% for pHs varymg from 5.0 to 7.0. respectively. This 
pH-dependent efficiency of plant cystatins was due to the selective inactivation of potato beetle cathepsm H. as demonstrated by the use of inhibitors 
with different specificities against cathepsms B and H. These results demonstrate the importance of having an adequate knowledge of insect 
proteinases specifically recognized by the inhibitors to be used in pest control strategies. 
Oryzacystatin I: Oryzacystatin II; Cathepsin H: Colorado potato beetle; Leptmotarsu decemlmeata Say 
1. INTRODUCTION 
Transformation of plant genomes with proteinase in- 
hibitor (PI) genes is an attractive approach for the bio- 
logical control of insect pests [l]. Several studies have 
demonstrated the repressive effect of serine Pls on insect 
growth and development [24], and tobacco plants 
transformed with serine PI genes were shown to be 
resistant to Heliothis virescens [5] and Manduca sexta 
[6]. Similarly, growth and development of Coleoptera 
are delayed by trans-epoxysuccinyl-L-(4-guanidino) bu- 
tane (E-64), a specific cysteine PI (cP1) isolated from 
Aspergillus japonicum [7-91. As phytophageous Coleop- 
tera generally use cysteine proteinases for protein diges- 
tion [lo], cPIs of the cystatin superfamily represent po- 
tential control proteins for the genetic transformation 
of several economically important crops. Recent studies 
showed that oryzacystatin I (OCI), a cP1 purified from 
rice (Oryza sativa L.) [l 11, inhibit proteinases and affect 
growth patterns of several Coleoptera species [12,13], 
indicating the potential of this inhibitor for the produc- 
tion of Coleoptera-resistant transgenic plants. Oryza- 
cystatin II (OCII), a second cP1 purified from rice and 
highly specific to cathepsin H [14], also appears to be 
a good candidate for the production of such resistant 
plants. However, despite these promising data concern- 
ing the potential of cPIs for insect control, little is 
known about the insect proteinases specifically recog- 
nized by these inhibitors. 
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After describing the production and purification of 
active OCI and OCII using the glutathione S-trans- 
ferase (GST) gene fusion system [15], the present study 
demonstrates the biochemical potential of OCI and 
OCII to inhibit digestive proteinases of the major pest 
Colorado potato beetle (CPB; 
ata Say), which primarily uses 
protein digestion [7,16]. The 
teinases recognized by the two 
fied. 
Leptinotarsa de~emfine- 
cysteine proteinases for 
specific family of pro- 
inhibitors is also identi- 
2. MATERIALS AND METHODS 
2.1 Materrals 
Azocasem. trans-epoxysuccmyl-L-leucylamido-(4-guamdmo) bu- 
tane (E-64). leupeptm. reduced glutathione, glutathione-agarose beads 
and papain (from papaya latex: E.C.3.4.22.2) were purchased from 
Sigma (St. Louis. MO). Cathepsin B (from human liver: E.C.3.4.22.1). 
cathepsin H (from human kidney: E.C.3.4.22 6). cathepsm L (from 
human liver: E.C 3.4.22.15) factor Xa (from human plasma; 
E.C.3 4.21.6) and lysozyme (from chicken egg white; E.C.3.2.1.17) 
were obtained from Calbiochem (La Jolla, CA). The expression vector 
pGEX-3X was from Pharmacia (Uppsala. Sweden). Electrophoretic 
reagents were from Bio-Rad (Richmond, CA). All other reagents were 
of the highest purity commercially available. 
2.2 Constructron of r.upression vectors 
Production and purification of large amounts of active OCI and 
OCII was achieved using the GST gene fusion system [15]. For OCI, 
the plasmid pOC26-5’-1 (171 was first digested with SnzuI and XbuI. 
The 0.6 kb DNA fragment encoding a modified form of OCI [17] was 
isolated. filled in with dNTP/Klenow, and inserted at the SmaI site of 
pUCl9 plasmid. The vector pUC19/OCI was digested with BarnHI 
and EcoRI, and cloned into the corresponding sites of the expression 
vector pGEX-3X. This construct (pGEX-3XOCI) encoded a 43 kDa- 
fusion protein consisting of GST (26 kDa) and OCI (17 kDa). For 
OCII. the plasmid pNOCl-I [14] was digested with Ncol and treated 
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by Sl nuclease. After digestion with EcoRI, the 0.5 kb Insert encoding 
OCII was isolated and inserted between the SfiruI and EcoRI clonmg 
sites of pGEX-3X. This construct (pGEX-3XOCII) encoded a 38 
kDa-fusion protein consistmg of GST (26 kDa) and OCII (12 kDa). 
The two recombmant plasmtds, pGEX-3XOCl and pGEX-3XOCI1, 
were transformed m E co/l JM 109 for expression of the fusion pro- 
teins 
2.3. E.~pres~to~?. purijkutiorr und cleawge qf the jiisiort protems 
The expression procedure was adapted from Smith and Johnson 
[IS]. BrieBy. 100 ml of an overnight culture of E roll was inoculated 
into 1 liter of LB medium containing lOO~g/ml ampicillin. The culture 
was incubated for 2 h at 37°C with vigorous agitation, before adding 
IPTG to 0.5 mM final concentration. After incubation for 16 h at 
37°C. cells were harvested by centrifugation at 10.000 x g for 10 mm, 
and suspended in 15 ml of 50 mM Tris. pH 8 0. containing 5% (w/v) 
sucrose, 50 mM EDTA. 5% (v/v) Triton X-100 and 0.025% (w/v) 
lysozyme. After 5 min on ice, the bacterial lysate was centrifuged at 
10.000 x g for 10 min at 4°C. and the supernatant contajning soluble 
proteins was saved. 
Purification of the fusion protems using glutathione-agarose beads 
was performed accordmg to Guan and Dixon [18]. Cleavage of the 
fusions with human factor Xa was done according to Nagai and 
Thogersen 1191. Purity of the protein products was determined by 12% 
(w/v) SDS-PAGE [20]. 
Midguts from third instar CPB (5 g) were excised. ground in hquid 
mtrogen. and extracted m 10 ml of a 100 mM citrate-phosphate 
buffer, pH 5.5. After mcubatton on tee for 30 mm, the nuxture was 
centrifuged at 13.000 x g for 30 mm at 4°C. The supernatant was then 
passed through a Sephadex G-25 column to remove low molecular 
weight compounds. Protein concentration in the extract was adjusted 
to 10 mglml with extraction buffer. 
2.5. Protemuse ns.su~s. protemuse mtnhrtor nssc?\s md deterrrrmatiorl oj‘ 
K, constunts 
The protemase assay procedure was adapted from Sarath et al. [:I]. 
Enzyme extracts (5 ~1 per assay) were Incubated with 35 pi of assay 
buffer (100 mM titrate-phosphate at the appropriate pH. 5 mM I.- 
cysteine, 0.1% (v/v) Triton X-100) and 80 ~1 of 2% (u/v) azocasein 
diluted in assay buffer. for 3 h at 37°C. After proteolysts. 300 ~1 of 
10% (w/v) trichloroacetic acid was added to the mixture, and residual 
azocasem was removed by centrifugation for 5 min at 13,000 x ,e. The 
supernatant (350 ~1) was then added to 300 ~1 of 1 N NaOH, and the 
absorbance (A) was measured at 440 nm using a Spectromc 1.000 Plus 
spectrophotometer (Milton Roy, Rochester. NY). The A,, of blanks, 
which consisted of complete mixtures incubated for 0 h. was sub- 
tracted from each value. 
For mhibition assays. protemase inhibitors were diluted to the ap- 
propriate concentrations m the 35 ~1 of assay buffer of the reaction 
mixture. The enzyme and inhibitor solutions were allowed to react for 
15 min at 37°C before addition of the substmte. K, constants were 
determmed for papain and cathepsin H usmg Dixon plots [22]. 
3. RESULTS 
3.1. SpeciJicities of recombinant inhibitors 
Oryzacystatins I and II were produced and purified 
using the GST gene fusion system (Fig. 1). Both recom- 
binant inhibitors were shown to be active against 
cathepsin H and papain, whereas no inhibitions were 
noted for cathepsins B and L (Table I). These enzyme 
specificities were similar to those reported for the natu- 
rally occurring OCJ and OCII ]11,14J. The activities of 
the inhibitors (K, constants) against human cathepsin II 
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Fig. 1, Purification of oryzacystatins I and II expressed as glutathione 
S-transferase fusion proteins. Lane 1, GST/OCI (fusion protein: MW 
-43 kDa); lane 2, GST/OCI. GST (MW -26 kDa) and OCI (MW -17 
kDa): lane 3, purrfied OCI: lane 4, GSTlOCII (fusion protein; MW 
-38 kDa): lane 5. GSTIOCII. GST and OCII (MW -12 kDa); lane 6, 
purified OCII. 
and papain were also comparable to those of natural 
OCs (Table I). 
3.2. Response of CPB digestive proteinases to recombi- 
nant OCs 
Fig. 2 shows the effect of recombinant OCI and OCII 
against CPB digestive proteinases. Increasing concen- 
trations of both inhibitors caused a gradual decrease of 
proteoIytic activity. In either case, the maximal inhibi- 
tion observed varied with pH (Fig. 2A,B). As CPB lar- 
vae mainly use cathepsins B and H for protein digestion 
[16], the residual activity observed probably corre- 
sponds to cathepsin B. which is not affected by OCs 
(Table I). The pH-dependence of the OC’s efficacy is 
probably due to the relative activity of cathepsins B and 
H at various pHs. In contrast to CPB cathepsin B, CPB 
cathepsin H is poorly active at pH 5.0, and its optimal 
pH is 7.0 1161. 
Further, Fig. 2 shows that OCII appears to be a more 
efficient inhibitor of CPB proteinases than OCI. For 
instance, the IC,, values determined at pH 7.0 were 
estimated to be -11 and -6 pug inhibitor/i00 pug midgut 
protein for OCI and OCII. respectively. This observa- 
tion is in accordance with the high affinity of OCII for 
cathepsin H (Table I). 
The existence of a selective inactivation of CPB 
cathepsin H by OCI and OClI was assessed by the use 
of cPIs with different specificities against cathepsins B 
and H (Fig. 3). The fungal inhibitor E-64, which can 
inhibit both cathepsin B and cathepsin H [23], caused 
an almost complete inhibition of CPB digestive pro- 
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Fig. 2. Response of Colorado potato beetle digestive proteinases to 
recombinant oryzacystatms I (A) and II (B). Inhibition assays were 
performed at pHs 5.0, 6.0 and 7.0, on 3rd instar proteinases. 
teinases regardless of the pH, whereas OCI, OCII and 
leupeptin caused partial inhibition. Maximal inhibition 
by OCI and OCII increased linearly by varying the pH 
from 5.0 to 7.0. In contrast, a linear decrease was noted 
for leupeptin, known to be active against cathepsin B 
but not against cathepsin H [24]. Simultaneous use of 
OCI (or OCII) and leupeptin led to an almost complete 
inhibition, as was the case for E-64. Interestingly, the 
addition of independent inhibitions by OCI (or OCII) 
and leupeptin gave -100% inhibition for all the pHs 
tested, strongly suggesting a selective inactivation of 
CPB digestive cathepsin H by OCI and OCII. The 
strong effect of the two plant cystatins and the weak 
effect of leupeptin at pH 7.0 are apparently due to the 
relative importance of cathepsin H at this pH [16]. 
4. DISCUSSION 
Recombinant OCI and OCII produced by the GST 
gene fusion system (Fig. 1) [15] were shown to be as 
active against cathepsin H and papain as the naturally 
occurring inhibitors isolated from rice grains (Table I) 
[11,14]. Since several herbivorous insect pests use 
Table I 
Response of cathepsins B, H, L and papain to recombinant oryzacys- 
tatins 
Proteinase Inhibition* 
OCI OCII 
Cathepsin B 
Cathepsin H 
Cathepsin L 
Papain 
no 
yes (1.13 x 10-6) yes (2.4;Ox 10-s) 
no 
yes (3.64 x lOma) yes (l.Kx 10e6) 
*Values in parentheses correspond to K, constants (M). 
cathepsins for protein digestion [16,25-271, such an ap- 
plication of the GST gene fusion system provides a good 
source of OCs for detailed biochemical studies on their 
effect toward insect pest proteinases. As the respective 
specificities of OCI and OCII against cathepsin H and 
papain were essentially unchanged as compared to the 
natural inhibitors (Table I), the recombinant inhibitors 
may also be used to compare their relative efficiency 
against these proteinases. 
The present study considered the case of CPB, a her- 
bivorous Coleoptera well-known for its remarkable ca- 
pacity of adaptation against chemical insecticides [28]. 
Both OCI and OCII were shown to significantly inhibit 
proteolytic activity in CPB extracts (Fig. 2), and thus 
appear potentially useful to control this pest. This is the 
first report indicating the potential of OCII for such an 
application. For OCI, recent studies showed its poten- 
tial against several stored grain Coleoptera [ 12,131. The 
present study demonstrates its potential for the control 
of CPB, a defoliating insect causing considerable losses 
in North American and East European potato cultures. 
Further, the inhibition of CPB digestive proteinases 
by OCI and OCII was shown to be selective. Roughly, 
there was a linear relationship between the amount of 
inhibitor and the percent inhibition of CPB proteinases, 
until reaching a maximal inhibition value of 20 to 80% 
for pHs varying from 5.0 to 7.0, respectively (Fig. 2). 
This pH-dependent inhibition was due to a selective 
inactivation of CPB cathepsin H by OCs, as demon- 
strated by the use of cPIs with different specificities (Fig. 
3). Such a selective effect could explain partial inhibi- 
tions by OCI recently reported for dark mealworm 
(Tenebvio obscurus) and yellow mealworm (Tenebrio 
u 
B 
5 6 
PH 
7 
Fig. 3. Inhibition of Colorado potato beetle proteinases by the cysteine 
proteinase inhibitors E-64 (A,B), leupeptin (A,B), oryzacystatin I (A) 
and oryzacystatin II (B). The Inhibition assays were performed at pHs 
varying from 5.0 to 7.0 on 3rd mstar proteinases Inhibitor concentra- 
tions were 50 PM for E-64, 200 PM for leupeptm, and 50 pug1100 pg
midgut protem for OCI and OCII. 
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molitor) proteinases [ 131. It also indicates the impor- 
tance of having an adequate knowledge of proteolytic 
systems characterizing the insects to be controlled. For 
example, the use of OCs for the control of the cowpea 
seed weevil (Cdosohruchus maculatus) or the bean 
bruchid (Acantkoscelides obtectus) would not be rele- 
vant, since these Coleoptera species principally use 
cathepsin B for protein digestion [Z-27]. 
In summary, the present study provided evidence that 
OCI and OCII represent potential growth suppressing 
agents for the control of the economically important 
potato pest CPB. The two inhibitors specifically inhibit 
cathepsin H. which represents an important fraction of 
the CPB proteinases. OCs could be used either as ap- 
plied biocontrol agents or as exogenous proteins pro- 
duced in transgenic potato plants. Studies are currently 
underway to determine the respective efficacy of OCI 
and OCII on CPB growth and development by the 
means of transgenic potato plants. 
AL.linon.leclgert7enr.c: cDNA clones of OCI and 001 were generously 
provided by Dr. Sotchi Arat (Dept. of Agricultural Chenustry. Umver- 
stty of Tokyo, Japan) This study was partly supported by a grant from 
the Natural Science and Engineering Research Council (NSERC) of 
Canada to S. Yelle. D. Michaud was reciptent of a NSERC graduate 
scholarshtp. 
REFERENCES 
[I] Holder. V.A., Gatehouse, A.M.R. and Boulter, D. (1993) m. 
Transgenic Plants (Kung. S.-D. and Wu. R. Eds.) Vol. 1. pp. 
317-338. Academic Press. New York. 
[2] Broadway, R.M. and Duffey, S.S. (1986) J. Insect Physiol. 32, 
8277833. 
[3] Broadway, R.M.. Duffey. S.S.. Pearce, G and Ryan C A. (1986) 
Entomol. Exp. Appl. 33. 33-38. 
[4] Burgess, E.P.J.. Stevens. P.S., Keen, G.K.. Laing, W.A and 
Christeller, J.T. (1991) Entomol. Exp. Appl. 61. 1233130. 
[S] Holder, V.A.. Gatehouse, A.M R., Sheerman, S.E., Barker. R F. 
and Boulter, D. (1987) Nature 330, 160-163 
[6] Johnson. R.. Narvaez, G . An. G. and Ryan, C.A. (1989) Proc. 
Natl. Acad. Sci. USA. 86, 9871-9875. 
[7] Wolfson. J.L. and Murdock. L.L. (1987) Entomol. Exp Appl. 44, 
2355240. 
[8] Murdock. L.L.. Shade, R.E. and Pomeroy. M.A. (1988) Environ. 
Entomol. 17. 467469. 
[9] Hmes, M.E., Nielsen. S.S . Shade, R.E. and Pomeroy, M.A. 
(1990) Entomol. Exp. Appl 57, 2OIl207. 
[IO] Murdock, L.L.. Brookhart, G , Dunn, P E.. Foard, D.E.. Kelley. 
S.. Kitch. L., Shade, R.E.. Shukle. R. and Wolfson. J.L. (1987) 
Camp. Biochem. Physiol. 87B. 7833787. 
u 11 
1121 
u31 
[I41 
[I51 
1161 
[171 
[181 
[191 
PO1 
Pll 
[2’] 
v31 
Abe.&K.. Hiroto K. and Arai. S. (1987) Agric. Btol. Chem 51. 
2763-2765 
Ltang, C., Brookhart. G , Feng, G.H.. Reeck, G.R. and Kramer, 
K J. (1991) FEBS Lett. 278. 139-142. 
Chen. M.-S.. Johnson, B.. Wen, L.. Muthukrtshnan. S.. Kramer, 
K.J.. Morgan. T.D. and Reech. G R. (1992) Protem Expres. 
Purif. 3, 4149. 
Kondo, H.. Abe, K.. Ntshimura, 1.. Watanabe. H.. Emort. Y and 
Arai. S. (1990) J. Btol. Chem. 265. 15832-15837 
Smith. D.B. and Johnson, K S. (1988) Gene 67. 3140. 
Thee. N.M. and Houseman, J.G (1990) Insect Btochem 20. 313- 
318. 
Abe. K., Emort, Y., Kondo. H., Ardl, S. and Suzuki, K (19881 
J. B~ol. Chcm. 263. 765557659. 
Guan. K L. and Dtxon. J.E. (1991)Anal. Biochem. 192.262-267 
Nagat. K. and Thogersen. C. (1984) Nature 309, 810-812 
Laemmh. U K. (1970) Nature 227, 68g-685. 
Sarath. G . De la Motte. R.S. and Wagner, F W. (1989) in: Pro- 
teolytic Enzymes, A Practtcal Approach (Beynon. R.J. and Bond, 
J.S.. Eds.) pp. 25-55, IRL Press, New York. 
Dixon. M. and Webb, E.C. ( 1979) m: Enzymes (Dixon, M., and 
Webb, E.C. Eds.) pp. 3322380, Longmans Co.. London. 
Barrett, A J . Kembhavi, A.A.. Brown. M.A., Kirschke. H.. 
Knight. C.G., Tamai. M. and Hanada, K (1982) Btochem. J. 201. 
189-I 98. 
Barrett. A J and McDonald, J.K. (1980) Mammahan proteases. 
A Glossary and Bibliography, Vol. 1. Endoproteinases, Aca- 
demtc Press. New York. 
Gatehouse. A.M.R., Butler. K.J.. Fenton, K.A. and Gatehouse. 
J.A. (1985) Entomol. Exp. Appl. 39, 2799286 
Ketch, L.W. and Murdock, L.L (1986) Arch. Insect Biochem. 
Phystol. 3. 561-575. 
Wieman. K.F. and Ntelsen. S.S. (1988) Comp. Biochem. Physiol. 
89B. 4 I9426 
Metcalf. R.L. (1989) Pesttc Set. 26. 333-358. 
176 
